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The dynamic properties of individual dislocations in nitrogen N-doped Czochralski-grown Si
crystals with concentrations up to 61015 cm−3 were investigated at temperatures of 650–950 °C
using the etch pit technique and compared with such characteristics of N-free Si crystals. The
velocity of dislocations in motion in N-doped crystals was revealed to be unaffected by N doping.
It was found that the generation of dislocations from a surface scratch was suppressed in N-doped
Si and that the critical stress for dislocation generation increased with N concentration, which is
interpreted as being due to dislocation immobilization caused by impurity segregation. N doping is
concluded to be effective in the promotion of precipitation of oxygen impurity resulting in
immobilization of dislocations. © 2005 American Institute of Physics. DOI: 10.1063/1.1990259
I. INTRODUCTION
Elucidation of the interaction between dislocations and
impurities within semiconductors is crucial in advanced
semiconductor technology, especially for silicon Si-based
materials which are miniaturized to nanoscale elements on a
large size wafer, e.g., Si wafers larger than 400 mm in diam-
eter. There are two interesting aspects: One is the effect of
dislocations on the spatial distribution of impurities in a crys-
tal, such as impurity gettering, defect reaction, complex for-
mation, and so forth,1–3 which is important for the fabrication
of dislocation-engineered devices, such as light-emitting
diodes.4 The other is the effect of impurities on the dynamic
properties of dislocations, which is fundamental knowledge
required to grow a dislocation-free crystal and to suppress
slip and warpage during wafer processing and also in the
field of strained engineering.5 In Si crystals, oxygen O im-
purity is well known to have a strong effect on dislocation
pinning/immobilization due to preferential segregation.6–8
Donor P and As and acceptor B impurities have also been
found to effectively enhance the velocity of dislocations to-
gether with their immobilization effect against
dislocations.9,10 Recently, it has been found that neutral im-
purity Ge has a weak effect on dislocation immobilization
and velocity enhancement/retardation, while codoping of Ge
and B impurities is remarkably effective for immobilizing
dislocations and retarding their velocity in Si.11,12
In current silicon technology, doping of nitrogen N im-
purity, even though the concentration is less than around
1015 cm−3, is widely applied in Czochralski CZ Si crystal
growth because it is quite effective for the reduction of the
density of crystal-oriented particles COPs or macro va-
cancy clusters voids formed during crystal growth,13 for the
prompt development and homogeneous distribution of oxy-
gen precipitates, operating as intrinsic gettering sites,14–17
and also for the suppression of slip and warpage during wa-
fer processing. Mobile vacancies are thought to be trapped
by interstitial nitrogen dimers N2, resulting in the suppres-
sion of the growth of large vacancy clusters.18
N doping was originally developed for float-zone FZ Si
crystal growth.19 The mechanical superiority of N-doped
FZ-Si crystals has been clarified in terms of dislocation im-
mobilization by N impurity by the present author’s
group5,6,20 and recently by Giannattasio et al. Ref. 21. In
CZ-Si crystals strong effects of the coexistence of N and O
impurities on the dynamic activities of dislocations can be
expected as observed recently for the codoping effect of B
and Ge in Si.11,12 There have been a few reports on the ef-
fects of N impurity on the mechanical strength of CZ-Si
crystals. From the shrinkage of a rosette size induced by
indentation tests of N-doped CZ-Si crystals compared with
such rosette size of N-free Si, an increase of the starting
stress for the dislocation motion and a decrease of the dislo-
cation velocity were thought to be the effects of N on
dislocations.22–24 Similarly, an increase of yield strength,
weakly dependent on temperature in the temperature range
of 600–1000 °C, has been reported in N-doped CZ-Si.24
However, with such indirect methods it is difficult to deter-
mine the dynamic characteristics of an isolated dislocation
and that of dislocation-impurity interaction. Recently, Orlov
et al. have reported an increase of starting stress of isolated
dislocations in N-doped CZ-Si at temperatures lower than
700 °C.25 Thus, it is important to investigate the dynamic
properties of individual dislocations in N-doped CZ-Si under
well-defined stress conditions at temperatures practically
adopted for device processing and to clarify the interaction
between dislocations and N impurity and the extent to which
codoping with N and O impurities is effective in the suppres-
sion of dislocation generation and dislocation velocity.
The present study was undertaken with the above-
mentioned purposes, and we herein report the dynamic prop-
erties of dislocations within Si crystals doped with N impu-
rity to various concentrations up to 61015 cm−3 as
compared with dislocations in N-free FZ- and CZ-Si crystals.aElectronic mail: yonenaga@imr.tohoku.ac.jp
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II. EXPERIMENTAL PROCEDURE
Specimens were prepared from dislocation-free CZ-
grown Si crystals doped with two levels of N concentration.
For purposes of comparison, undoped containing O impu-
rity CZ-Si and N-doped and high-purity FZ-Si crystals were
also prepared. Hereafter, the crystals are termed CZ-N1, CZ-
N2, N-free CZ, FZ-N, and N-free FZ, respectively. Table I
shows the concentrations of O and N impurities, determined
by Fourier transfer-infrared absorption and secondary-ion-
mass spectroscopy, respectively. Specimens, approximately
2315 mm3 in size, with the long axis in the direction
11¯0 and the side surfaces parallel to 111 and 112¯ were
finished chemically with HF:HNO3 reagent at a ratio of 1:5
at 30–40 °C.
Scratches were drawn on the 111 / 1¯1¯1¯ surfaces along
the 11¯0 long axis at room temperature with a diamond
stylus as preferential generation centers for dislocations
when stressed at elevated temperatures. In each experiments,
the specimen was heated to an elevated temperature at a rate
of 10 °C/min and then stressed by means of a three-point
bending along the 112¯ axis in a vacuum for 1 min to 2 h,
depending on the temperature. Some specimens were aged at
elevated temperatures and then directly stressed at the same
or lower temperatures. After cooling at a rate of 50 °C/min,
the motion of dislocations from the scratch was detected by
observing the etch pits, developed by the Sirtl etchant26 at
20 °C, with an accuracy of 8 m. The geometry of the
specimens as well as the details of the experimental proce-
dure has been described in previous articles.9,11
III. RESULTS
The behavior of dislocations generated from a surface
scratch was investigated as a function of the stress and tem-
perature. The distance traveled by the leading 60° dislocation
in an array of dislocations that were generated from a scratch
during a 600-s stress pulse at 800 °C is plotted against the
resolved shear stress in Fig. 1 for N-free FZ-and CZ-Si, and
for N-doped FZ- and CZ-Si. There is a certain critical stress
for the generation of dislocations from a scratch in N-free
CZ-Si and N-doped FZ- and CZ-Si crystals, whereas no ap-
preciable critical stress is observed for dislocation generation
in N-free FZ-Si. The magnitude of the critical stress is
7 MPa in N-free CZ and CZ-N1. The critical stress slightly
increases to 10 MPa in CZ-N2 with a high concentration
of N impurity. The critical stress is as low as 3 MPa in
FZ-N, similar to that reported in the literature.20 Once the
stress exceeds the critical stress for dislocation generation,
the travel distance in the N-free and N-doped FZ- and CZ-Si
increases rapidly with stress.
The critical stress for dislocation generation from a sur-
face scratch, termed generation stress g hereafter, depends
on the stressing temperature. Figure 2 shows the generation
stresses of dislocations in various Si crystals as a function of
temperature. In the N-free FZ-Si, dislocations are generated
even under a stress lower than 1 MPa at temperatures up to
900 °C. In N-free CZ-Si, the generation stress of disloca-
tions increases with increasing temperature from 3 MPa at
low temperatures to 8 MPa in the high-temperature range
of 750–900 °C. In the N-doped CZ-Si, the generation stress
is high or becomes high in the temperature range lower than
that in N-free CZ-Si and then decreases gradually as the
temperature increases. The higher the generation stress, the
higher the concentration of involved N impurity in the CZ-Si
crystals. At temperatures higher than 900 °C, the generation
stress of dislocations is lower in the N-doped CZ-Si crystals
than in the N-free CZ-Si. Generation stress is almost con-
stant at about 3 MPa in the N-doped FZ-Si in the whole
temperature range investigated. Thus, N impurity has an en-
hanced effect on the suppression of dislocation generation in
cooperation with O impurity in Si at temperatures of
650–900 °C.
Suppression of dislocation generation from a scratch or
TABLE I. Concentration of nitrogen atoms in the crystals employed.
Crystals Notation
Concentration of
O impurity cm−3
Concentration of
N impurity cm−3
FZ: high purity N-free FZ 1014 ¯
FZ: N doped FZ-N 1014 5.41015
CZ: undoped N-free CZ 1.01018 ¯
CZ: N-doped 1 CZ-N1 8.41017 5.81014
CZ: N-doped 2 CZ-N2 9.51017 6.01015
FIG. 1. Travel distance of leading 60° dislocations generated from a scratch
during a 10-min stress pulse at 800 °C in various Si crystals plotted against
the stress. The inserted vertical bar shows a detection limit of the present
etch pit experiment.
FIG. 2. Temperature dependence of the generation stress g of 60° disloca-
tions in various Si crystals. The dotted line shows temperature dependence
of the generation stress for N-free FZ-Si.
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surface flaw under low stress has been observed for disloca-
tions in Si,5–7,9–12,20,27,28 GaAs,29 and InP Ref. 30 doped
with certain kinds of impurity. It is well known that disloca-
tions are nucleated from a scratch and also immobilized due
to the segregation of impurity atoms along the dislocation
lines even while the crystal is being heated to the test tem-
perature. That is, the observed critical stress for dislocation
generation from a scratch can be understood as the stress
required to initiate dislocation motion from the immobilized
state and to penetrate the matrix crystal, which can be de-
tected macroscopically as dislocation generation from the
scratch.
Indeed, the generation stress of dislocations from a
scratch increases in Si crystals by aging treatment before
stressing at the test temperature. Figure 3 shows the genera-
tion stress of dislocations in N-free CZ and CZ-N2 against
the duration of aging at 650 °C. The generation stress of
dislocations increases in the initial stage of aging in N-free
CZ-Si. Contrarily, in N-doped CZ-Si the generation stress
starts to increase at a magnitude higher than that of N-free
CZ-Si after incubation. The generation stresses in N-doped
CZ-Si treated by aging longer than 60 min show almost the
same increase as those in N-free CZ-Si against the aging
duration.
The magnitude of a generation stress depends strongly
on the temperature of the aging treatment. Figures 4a and
4b show the generation stress g for dislocations in various
Si crystals aged at 750 and 900 °C, respectively, for 15 min
against the stressing temperature. The generation stress de-
creases linearly with an increase in the stressing temperature,
showing that the process is thermally activated. The genera-
tion stress is larger in specimens aged at 750 °C than in
those aged at 900 °C. Generation stress versus stressing tem-
perature relation observed at 750 °C shows strong tempera-
ture dependence and is quite similar in all the crystals inves-
tigated. On the other hand, the temperature dependences
observed at 900 °C become weak, depending remarkably on
the crystal species, and are especially weak in CZ-N2.
The distance traveled by the leading dislocation in an
array under a given stress divided by the stressing duration is
taken to be the velocity of the dislocation under that stress.
Figure 5 shows the velocities of 60° dislocations at 700 °C
plotted against the resolved shear stress. In N-free FZ-Si, the
logarithm of the velocity is linear with respect to the loga-
rithm of the stress for the whole range investigated. The
velocity of 60° dislocations in N-free and N-doped CZ-Si
increases rapidly once the stress exceeds the critical stress
for dislocation generation and shows a break, depending on
the N impurity concentration. Such a rapid increase in veloc-
ity with stress relates to the release process of dislocations
from the impurity-immobilized state. Beyond the break, the
dislocation velocity increases rather slowly with increasing
stress at a rate comparable to that of 60° dislocations in
N-free FZ-Si. In such a stress range where dislocation mo-
tion is free from the impurity immobilization effect, the ve-
FIG. 3. Variation in the generation stress g for dislocations stressed at
650 °C against the duration of aging at 650 °C in N-free CZ-Si and
N-doped CZ-Si CZ-N2.
FIG. 4. Temperature dependence of the generation stress g for dislocations
aged at a 750 and b 900 °C for 15 min in various Si crystals.
FIG. 5. Velocities of 60° dislocations in various Si crystals at 700 °C as a
function of the resolved shear stress.
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locity of dislocations in N-doped crystals, independent of the
N impurity concentration, is almost the same as those of
dislocations in N-free CZ-Si and FZ-Si.
Figure 6 shows the velocities of 60° dislocations in
N-doped CZ- and FZ-Si crystals under a stress of 30 MPa
plotted against the reciprocal temperature, together with the
results within N-free CZ- and FZ-Si crystals. Dislocations
show the same velocities among the Si crystals in the inves-
tigated temperature range of 650–950 °C.
The dislocation velocity v in high-purity FZ-Si is de-
scribed as a function of stress  and temperature T according
to the empirical law10,31
v = v0/0mexp− Q/kBT , 1
where v0, m, and Q are material constants. kB is the Boltz-
mann constant and 0 is 1 MPa. In the present study m1
and Q=2.3 eV are experimentally determined for N-free
FZ-Si in the whole stress range investigated and for the other
Si crystals in the stress range where dislocation motion is
free from the impurity immobilization effect.
IV. DISCUSSION
In the present study, it was found that N impurity sup-
presses the macroscopic generation of dislocations from a
surface flaw and also the start of dislocations under low
stress, while N impurity does not affect the velocity of dis-
locations in motion under high stress. The former phenom-
enon is related to the immobilization of dislocations by ag-
glomeration of impurities and/or related complex formation
on a dislocation, as is well known for the O impurity in
N-free CZ-Si. The latter reflects the effects of impurities dis-
persed within the crystal on the velocities of dislocations in
motion. Thus, the present study has established that N impu-
rity dispersed within a matrix has no effect on a dislocation
in motion, which is similar to what is known for the effect of
O in N-free CZ-Si, as well as for N-doped FZ-Si in our
previous work.20 In the following, the discussion is focused
on the impurity segregation and release process from the
state in N-doped CZ-Si crystals.
As seen in Figs. 4a and 4b, the generation stress de-
creases linearly with increasing stressing temperature, imply-
ing that the release process is thermally activated. A theory
of thermally activated release of dislocations from pinning
agents gives the following relation between the generation
stress g and the temperature T:
g = E − kBT lnLN/N/b2, 2
where E is the maximum interaction energy between a dis-
location and a pinning agent, L is the length of the disloca-
tion, N is the mean density of pinning agents along the dis-
location line,  is the vibration frequency of the dislocation,
 is the release rate of the pinned dislocation, and b
is the magnitude of the Burgers vector of the
dislocation.6,7,10,20,28,29,32 Data analysis using Eq. 2 can lead
to the characteristic feature of pinning agents along a dislo-
cation, i.e., the density of the pinning agents along the dis-
location line N and the interaction energy E in the crystals, as
shown in Table II. In the Si crystals herein investigated, the
experimentally estimated magnitudes of interaction energy E
are on the order of 3 eV or higher and are too high to be
interpreted with a model in which the dislocations interact
with individual impurity atoms.33 The magnitudes of line
density N are of the order of 105 cm−1 or less, much smaller
than those expected from the concentration of the impurity
atoms individually dispersed in the matrix. These results in-
dicate the following situation as to the dislocation pinning
process in impurity-doped crystals, including N-doped Si
crystals investigated in the present study. Some complexes or
clusters with a stable structure may be effectively con-
structed in a dislocation core region. Impurity atoms dis-
persed within the matrix crystal are thought to segregate at
the core of a dislocation at rest, if the temperature is high
enough to allow bulk diffusion. Such impurity atoms are
expected to move along the dislocation line quickly by
means of pipe diffusion and to meet each other and coagulate
at some discretely separated sites on the dislocation line.
FIG. 6. Temperature dependence of velocities of 60° dislocations in various
Si crystals under a shear stress of 30 MPa.
TABLE II. Magnitudes of E and N for dislocations in the N-doped Si.
Crystal
Concentration
cm−3
750 °C 900 °C
E
eV
N
cm−1
E
eV
N
cm−1
N-free CZ O: 1.01018 3.0 4105 3.6 2.4105
CZ-N1 N: 5.81014 3.0 4105 3.5 1.7105
O: 8.41017
CZ-N2 N: 6.01015 3.1 4105 4.1 1.0105
O: 9.51017
FZ-N N: 5.41015 ¯ ¯ 4.7±0.5 2104
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Heggie et al. theoretically evaluated the construction of
stable structures in cooperation from a few impurities or in-
trinsic point defects in O Ref. 34 and N Ref. 35 impurity-
doped Si. Indeed, the development of oxygen precipitates
along a dislocation line has been observed by transmission
electron microscopy.7
As seen in Table II, in N-doped FZ-Si aged at 900 °C,
the magnitude of interaction energy is E4.7 eV and line
density is N2104 cm−1, which leads to the development
of a lower number of stronger pinning agents at dislocations
in comparison with the number in N-free CZ-Si. Giannatta-
sio et al.21 recently indicated that the binding of N impurity
to dislocations is more than twofold stronger than that of O
impurity. It should be noted that usual FZ-Si contains oxygen
atoms at a concentration that is comparable to that of N
atoms in the N-doped FZ-Si crystal investigated in the
present study. Nevertheless, no appreciable suppression ef-
fect for dislocation generation is observed to take place in
the former type of crystal. This may be ascribed to the dif-
ference in the chemical activities or reactions of N and O
atoms in the core region of dislocations in a Si crystal as
suggested by Heggie et al.34
In Table II, moreover, it can be seen that the magnitude
of E is larger and the magnitude of N is lower due to aging at
higher temperatures in all the crystals investigated, which
implies the development of pinning agents with aging at high
temperatures. The magnitudes of E and N in the N-doped
CZ-Si N1 and N2 are comparable to or somewhat lower
than those in N-free CZ-Si aged at 750 °C. On the other
hand, the magnitude of E is larger and the magnitude of N is
lower in N-doped CZ-Si N1 and N2 than in N-free CZ-Si at
900 °C. Their variations are remarkable in N-doped CZ-Si
with a high concentration of N impurity. Thus, a combination
of N impurity and O impurity is thought to lead to the for-
mation of stronger pinning agents with lower density along a
dislocation line than when only O impurity is present, which
means that there is a unique reaction of the impurities at a
dislocation core. From these results, in N-doped CZ-Si, i.e.,
N+O codoped Si, some stable structure may possibly be
effectively constructed in an initial or early stage in coopera-
tion with a few impurities and/or intrinsic point defects, even
though the N impurity concentration is as low as on the order
of 1015 cm−3.
The more effective suppression of the generation of dis-
locations observed at low temperatures of 650–750 °C in
N-doped CZ-Si as compared with the case of N-free CZ-Si
can probably be attributed to the effect of rapid formation of
pinning agents along dislocations resulting from the coopera-
tion of N and O impurities. N impurity provides preferential
segregation sites on dislocations for further segregation of O
impurities. The results of the aging experiment shown in Fig.
3 support this speculation. However, prolonged segregation
due to overaging, especially at temperatures higher than
900 °C, leads to the collapse of pinning agents, decreasing
density, as seen in Table II and overall to the reduction of the
immobilization ability, resulting in a decrease of the critical
stress for dislocation generation in Fig. 2.
Thus, the following role of N impurity in dislocation
immobilization in Si is suggested: 1 N impurity can segre-
gate promptly into a dislocation. 2 Segregated N impurity
provides a preferential site for further segregation of O im-
purity in the low-temperature range and results in the promo-
tion of rapid segregation of O atoms into a dislocation. 3 N
impurity enhances the nucleation and formation of N–O
clusters or complexes at the core regions of dislocations.36
The prompt segregation of N impurity, irrespective of the
manner via a monomer or dimer,37 may be due to the high
diffusivity larger than that of O impurity.38 Such O precipi-
tation promoted by N impurity appears to be supported by
recent reports of several groups.14–17
V. CONCLUSION
The dynamic properties of individual dislocations in
N-doped CZ-Si crystals with concentrations up to 6
1015 cm−3 were investigated in the temperature range from
650 to 950 °C in comparison with such properties in N-free
CZ–Si and N-doped FZ–Si crystals.
Suppression of dislocation generation from a surface
scratch was found at temperatures up to 900 °C. The critical
stress for dislocation generation increases with an increase in
the concentration of N impurity doped into Si crystals. Con-
trarily, the suppression of dislocation generation became
weaker in N-doped CZ-Si than in N-free CZ-Si at tempera-
tures higher than 900 °C. The suppression of dislocation
generation was attributed to dislocation immobilization due
to impurity segregation. N impurity was thought to segregate
promptly at dislocations and to act as a preferential segrega-
tion site for O impurity existing at a high concentration in
CZ-Si crystals, resulting in the formation of N–O complexes
and the immobilization of dislocations. However, rapid seg-
regation at elevated temperatures led to the reduction of im-
mobilization ability.
The velocity of dislocations in motion in N-doped CZ-
and FZ-Si crystals was almost the same as that of disloca-
tions in N-free CZ- and FZ-Si. Doping of N impurity into Si
crystals was revealed not to influence the dislocation velocity
in motion.
Finally, it should be emphasized that N impurity itself
has a strong effect on dislocation immobilization, but that the
effect is limited due to the low solubility in Si crystals.
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